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tration in luminal fluid is the main determinant of increasedExpression of rat thick limb Na/H exchangers in potassium
NH4 absorption in MTAL. (2) In KD, NHE-3 expression diddepletion and chronic metabolic acidosis.
not decrease despite the presence of metabolic alkalosis, inBackground. Regulation of renal transporter expression has
agreement with the unchanged HCO3 absorptive capacity ofbeen shown to support adaptation of transporter activities in
Henle’s loop.several chronic situations. Basolateral and apical Na/H ex-
changers (NHE) in medullary thick ascending limb (MTAL)
are involved in NH4 and HCO3 absorption, respectively. The
NH4 absorption rate in Henle’s loop is increased in chronic The thick ascending limb (TAL) of the rat kidneymetabolic acidosis (CMA) and potassium depletion (KD),
contributes to urinary net acid excretion by reabsorbingwhich may be secondary to the increased NH4 concentration
10 to 15% of filtered bicarbonate (HCO3 ) and mostin luminal fluid and/or to an increased NH4 absorptive capacity
of MTAL. HCO3 absorptive capacity in Henle’s loop is in- of the ammonium (NH4 ) secreted by the proximal tu-
creased in CMA and decreased in metabolic alkalosis, but is bule [1–3]. Absorption of NH4 by the medullary TAL
unchanged in KD despite the presence of metabolic alkalosis. (MTAL) results in NH4 accumulation in medullary in-The present study compared the effects of NH4Cl-induced terstitium, which facilitates NH4 transport into the adja-CMA and KD on the expression of basolateral NHE-1 and
cent collecting duct and thus NH4 urinary excretion [1].the effect of KD on the expression of apical NHE-3 in MTAL.
Methods. NHE-1 and NHE-3 mRNAs and proteins were The apical step of NH4 absorption by MTAL occurs via
assessed by a competitive reverse transcription-polymerase the cotransporter Na/K(NH4 )/2Cl (BSC1), where
chain reaction (RT-PCR) method and semiquantitative immu- NH4 substitutes for K [4]. The mechanism of NH4 ef-noblots, respectively, in MTAL-purified suspensions from rats
flux is not yet completely established, but basolateralwith CMA and KD.
Na/H exchange (NHE) is involved in this process, sinceResults. NHE-1 protein abundance was similarly increased
(90%) at two and five weeks of KD, while NHE-1 mRNA basolateral amiloride application reduced NH4 absorp-
amount in MTAL cells was increased at two weeks of KD and tion by MTAL [4]. NH4 efflux may occur via basolat-
returned to normal values by five weeks of KD. In contrast, eral Na/H exchange coupled to NH3 diffusion and/orNHE-1 mRNA and protein abundance did not change in CMA.
via Na/H exchange functioning as the Na/NH4 ex-NHE-3 protein abundance remained unchanged in both two
change, as recently shown by our group in preparationsand five weeks of KD, while NHE-3 mRNA was unchanged by
two weeks of KD and reduced by 50% at five weeks of KD. of isolated basolateral membrane vesicles [5]. Thus, the
Conclusions. The results suggest the following: (1) in KD, basolateral Na/H exchanger NHE-1 is a candidate to
where the increased NH4 concentration of luminal fluid that support NH4 efflux in MTAL.favors NH4 absorption is counterbalanced by a decrease in The apical step of HCO3 absorption in MTAL isBSC1 expression and activity, the increased NHE-1 expression
thought to occur mainly via the Na/H exchanger,may support an increased MTAL NH4 absorptive capacity in
CMA, NHE-1 expression is not specifically regulated and re- NHE-3 [6, 7]. The basolateral pathways for the HCO3
mains unchanged, suggesting that the increase in NH4 concen- exit are not yet completely established. We have shown
the presence of electroneutral Cl/HCO3 exchange ac-
tivity in isolated basolateral membrane vesicles of ratKey words: medullary thick ascending limb, Henle’s loop, urinary acid
MTAL [8]. This Cl/HCO3 exchange is functional underexcretion, bicarbonate transport, sodium/hydrogen exchange, ammo-
nia synthesis. basal conditions in rat MTAL isolated and perfused in
vitro (abstract; Houillier, J Am Soc Nephrol 9:7A, 1998),Received for publication August 8, 2000
but the importance of its role in transepithelial HCO3and in revised form March 15, 2001
Accepted for publication April 25, 2001 absorption is not yet established.
In chronic situations, appropriate modifications of ex- 2001 by the International Society of Nephrology
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pression of renal transporters have been shown to sup- shipment and studied during the same period of time.
The specific treatments were as follows.port, at least in part, the adaptation of transport activities
[9, 10]. In chronic metabolic acidosis (CMA), ammonia Chronic metabolic acidosis. Experimental animals
drank 0.28 mol/L NH4Cl for six days, and control ratssynthesis and NH4 secretion in the proximal tubule, as
well as NH4 absorption rate in Henle’s loop and urinary drank distilled H2O. Both groups received standard rat
chow in which contents in K, Na, and Cl were 6.4, 2.5,excretion of NH4 , are increased [11, 12]. The increased
NH4 absorption rate in Henle’s loop has been attributed and 9.5 g/kg, respectively.
Chronic potassium depletion. Experimental animalsto the increased NH4 concentration in MTAL luminal
fluid as a result of increase in proximal tubule production were placed on a potassium-deficient diet for two and
five weeks. Contents of K, Na, and Cl of the control dietand secretion [12], and to a small increase in NH4 ab-
sorptive capacity of MTAL [13]. The results of one study were 3.7, 2.7, and 7.5 g/kg, respectively (diet 212K, Usine
Alimentaire Rationnelle, Epinay-sur-Seine, France). Thesuggesting a dramatic increase in BSC1 protein expres-
sion in MTAL from chronically acid-loaded rats [14] potassium-deficient diet was the same except the absence
of KCl. Both groups had free access to distilled water.have not been confirmed in two more recent studies
when fluid and NaCl intakes were controlled [15, 16]. In The difference in plasma K concentration (Table 1) be-
tween control rats for CMA (4.2  0.1 mmol/L) andpotassium depletion (KD), ammonia synthesis and
NH4 absorption rate in Henle’s loop, and the urinary control rats for KD (3.8  0.2 and 3.7  0.1 mmol/L)
was probably explained by the difference in potassiumNH4 excretion rate are also increased [17–19], but BSC1
expression and absorptive capacity to absorb NaCl are contents of the food. In fact, the food potassium content
was lower in the synthetic diet given to the KD controldecreased [20, 21]. Thus, in CMA and KD, the question
arises as to whether a selective enhanced efflux of group (3.7 g/kg) compared with the standard rat chow
given to the CMA control group (6.4 g/kg). However,NH4 across basolateral membrane supported by an in-
creased NHE-1 expression also may support an in- it should be stressed that experimental animals were
compared with their own control groups.creased NH4 absorptive capacity of MTAL.
Moreover, we have shown that MTAL NHE-3 mRNA On the day of the experiment, rats were anesthetized
with an intraperitoneal injection of pentobarbital so-and protein are increased in CMA and decreased in Cl-
depleted metabolic alkalosis [22, 23], in agreement with dium. In most animals, blood was collected by aortic
puncture for analysis of plasma electrolytes and the kid-the respectively increased and decreased HCO3 absorp-
tive capacity observed in these situations [2]. In pro- neys were rapidly removed and immersed into ice-cold
Hank’s solution containing (in mmol/L) 137 NaCl, 5.4longed KD with metabolic alkalosis, HCO3 absorptive
capacity of Henle’s loop remains unchanged [24], but no KCl, 25 NaHCO3 , 0.3 Na2HPO4, 0.4 KH2PO4, 0.5 MgCl2,
10 HEPES, 5 glucose, 1 leucine, and 1 mg/mL bovinedata on NHE-3 mRNA and protein expression in MTAL
are available. serum albumin (BSA).
The aims of the present study were (1) to examine in
Isolation of MTAL tubulesthe rat MTAL the regulation of expression of NHE-1
in KD and CMA, and (2) to compare the effect of KD The method used has been previously described in
detail [25]. Briefly, small tissue pieces of inner stripe ofon NHE-3 expression to the previously reported acid-
induced increase in NHE-3 expression [22]. NHE-1 and outer medulla were subjected at 37C to successive
seven-minute periods of collagenase digestion (0.75 g/L),NHE-3 mRNAs and proteins were quantified by compet-
itive reverse transcription-polymerase chain reaction which minimized the exposure time of the tubules to
collagenase. The MTAL tubules were harvested by siev-(RT-PCR) in MTAL cells and semiquantitative immu-
noblotting in crude membranes, respectively, from rat ing the supernatants through a 75-m opening nylon
mesh to separate MTAL fragments from isolated cellsMTAL suspensions.
and small fragments of other medullary tissues, and re-
suspended in an appropriate volume of the desired me-
METHODS
dium. The suspensions obtained from control and experi-
Treatment of animals mental rats as observed by light microscopy similarly
contained almost exclusively MTAL fragments, occa-Experiments were performed on male Sprague-Daw-
ley rats (200 to 300 g body weight). All experiments sional thin descending limb fragments, and no isolated
cells and medullary collecting tubule segments, as ob-were performed in accordance with the regulation of the
French Ministry of Agriculture for animal health care. served by others [26]. In this preparation, virtually all
the tubules fragments have been shown to be stainedThe animals were allowed free access to food and drink-
ing solution up to the time of the experiments. In each by indirect immunofluorescence against Tamm-Horsfall
protein [6], a protein only synthesized by cortical andseries, a group of experimental animals was compared
directly with controls that were obtained from the same medullary TAL. Taken together, these data very likely
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Table 1. Arterial pH and electrolyte values
HCO3 Na K ClpH
pH units mmol/L
Chronic metabolic acidosis
Control 7.410.01 22.90.3 142.70.6 4.20.1 98.62.1
(11) (11) (8) (8) (4)
Acidosis 7.300.02b 16.30.5b 144.40.6 3.70.2a 102.41.2
(11) (11) (8) (8) (4)
Chronic potassium depletion
Control, 2 weeks 7.400.01 23.70.6 142.30.3 3.80.2 95.71.6
(11) (11) (9) (9) (6)
K-depletion, 2 weeks 7.400.02 23.80.4 141.00.3a 2.50.2b 91.61.2
(11) (11) (9) (9) (6)
Control, 5 weeks 7.400.01 23.20.4 141.01.1 3.70.1 97.41.1
(10) (10) (10) (10) (5)
K-depletion, 5 weeks 7.480.01b 28.80.7b 142.10.8 2.10.1b 89.62.3a
(10) (10) (10) (10) (5)
Values are means  SEM for the number of independent experiments given in parentheses. Each experiment involved 2 to 4 rats per treatment group.
aP  0.05; bP  0.001, treated vs control (unpaired t test)
rule out a contamination of MTAL suspensions by nal standard (cRNA), which differed from the wild-
NHE-1 protein from outer medullary collecting ducts. type NHE-1 mRNA by a 119 bp insertion. To generate
the NHE-1 internal standard, a 656 bp fragment of rat
RNA extraction and RT-PCR NHE-1 was obtained by RT-PCR using primers 2568-
Total RNA was extracted from MTAL cells using the 2589 5-TCTGCCGTCTCAACTGTCTCTA-3 (sense)
method of Chomczynski and Sacchi as previously de- and 3203-3223 5-TACTGCCCTTTGGGGATGAAA-3
scribed [27]. (antisense). The NHE-1 fragment (656 bp) was sub-
Primers used in this study for NHE-1 and NHE-3 cloned into the EcoRV site of linearized and dephos-
CDNA synthesis and PCR amplification have been al- phorylated pBluescript (BSSK; Stratagene Inc., La
ready validated in previous studies [22, 23, 28]. cDNA Jolla, CA, USA). A 119 bp DNA fragment of BSSK
was synthesized from RNA samples with 200 U Moloney (digestions with ScaI and XmnI) was then subcloned
murine leukemia virus reverse transcriptase (MMLV- into the CvnI restriction site of the NHE-1 DNA plasmid
RT), 20 pmol of downstream primer, 4 g of yeast trans- (bp 2676 of the NHE-1 cDNA sequence). Dideoxy-
fer RNA, 2.5 mmol/L each deoxyribonucleotide (dNTP), sequencing of the modified NHE-1 DNA insert con-
10 mmol/L dithiothreitol (DTT), 2 U of RNase inhibitor firmed the expected construction.
in 22 L reaction buffer containing 50 mmol/L Tris-HCl, Sense RNA was transcribed from 5 g of HindIII cut
75 mmol/L KCl, and 3 mmol/L MgCl2 at 37C for 60 DNA template using an RNA transcription kit (Strata-
minutes. Each reaction was performed in parallel with gene Inc.) as previously described [22]. The amount of
an otherwise identical one that contained no reverse cRNA synthesized was determined by liquid scintillation
transcriptase. counting of the TCA precipitated RNAs and by the
For PCR, 10 L of the cDNA solution was supple-
measure of its optical density at 260 nm.
mented with 5 L of 10  PCR buffer, 5 L of a 25
For each determination, eight competitive RT-PCRmmol/L MgCl2 solution, 10 pmol of each primer for reactions were performed using primers 5-TCTGCCNHE-1 or NHE-3, 1 L of a 25 mmol/L dNTP solution,
GTCTCAACTGTCTCTA-3 (sense, bp 2568-2589) andand 1.25 U Taq polymerase in a final volume of 50 L.
5-CCCTTCAACTCCTCATTCACCA-3 (antisense, bpSamples were overlaid with mineral oil, denatured at
2968-2989) [28] yielding PCR products of 422 bases and94C for four minutes followed by 30 cycles consisting
541 bases for wild-type and cRNA, respectively. As illus-of denaturing at 94C (1 min), annealing at 60C (1 min),
trated in Figure 1A, the addition of increasing amounts,and extension at 72C (1.5 min). PCR was completed by
from 0.36 to 46 attomoles of the competitive templatea final extension step of 10 minutes at 72C. The PCR
to replicate reactions containing identical amounts ofproducts for NHE-1 were size fractionated on 8% poly-
MTAL total RNA, resulted in a progressive increase ofacrylamide/bis-acrylamide gels and then stained with
the competitive template PCR product (541 bp) andethidium bromide. NHE-3 PCR products were separated
a corresponding progressive decrease of the wild-typeon 1.5% agarose gels stained with ethidium bromide.
template PCR product (422 bp). No heteroduplex prod-
Quantification of NHE-1 mRNA uct was observed on gel electrophoresis. A Polaroid pho-
tograph of the gel was digitized, and quantification ofThe abundance of NHE-1 mRNA was quantified by
a competitive RT-PCR method using a synthetic inter- the fluorescence intensity of each PCR product was per-
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formed on NIH-image 1.61. NHE-1 mRNA abundance
was calculated as follows (Fig. 1B): A log-log scale plot
of the ratio of fluorescence intensity of the competitive
PCR products versus the known amount of cRNA added
in the replicate reaction yielded a linear plot. At the
point where wild-type and competitive PCR products
were equivalent [that is, log(ratio) 	 1], the amount of
wild-type (NHE-1 mRNA) present in the initial sample
was equal to the known starting amount of competitive
template. Results are expressed as attomoles of NHE-1
mRNA transcript per g of total RNA. To verify the
efficiency and the reproducibility of NHE-1 mRNA
quantification of the competitive RT-PCR assay, we per-
formed a standard curve of the amount of NHE-1 mRNA
expressed as a function of initial amount of total MTAL
RNA. Different competitive RT-PCR reactions were
performed as described higher with increasing amounts
of MTAL total RNA extracted from three different
preparations of MTAL tubules. This demonstrated an
excellent linearity between 50 to 350 ng of total RNAs
(Fig. 2A).
Quantification of NHE-3 mRNA
The method used has been previously described in
Fig. 1. Quantification of medullary thick ascending limb (MTAL) Na/
detail [22]. Briefly, NHE-3 mRNA abundance was quan- H exchanger-1 (NHE-1) mRNA by competitive reverse transcription-
polymerase chain reaction (RT-PCR). (A) Ethidium bromide-stainedtified by a competitive RT-PCR, using an internal stan-
gel for competitive RT-PCR analysis of 120 ng MTAL total RNA. Thedard of cRNA that differed from the wild-type NHE-3
amount of cRNA added in each reaction point was 0.36, 0.71, 1.43,
mRNA by an 80 bp deletion. For each determination, 2.85, 5.7, 11.5, 23, 46 attomoles, from right to left, respectively, resulting
in a progressive competition between PCR products derived from wild-seven to eight RT-PCR reactions were performed us-
type NHE-1 mRNA (lower band, 422 bp) and from cRNA (upper band,ing primers 5-GGAACAGAGGCGGAGGAGCAT-3
541 bp). RT, reaction performed in the absence of reverse transcriptase
(sense, bp 1885 to 1905) and 5-GAAGTTGTGTGCCA (to rule out contaminating DNA). (B) Log-log plot of the ratio of
quantitative fluorescence data expressed as a function of the initialGATTCT-3 (antisense, bp 2186 to 2206). These NHE-3
amount of cRNA (attomoles). Ethidium bromide fluorescence of theprimers yielded a product of 321 bases and 241 bases
PCR product obtained from cRNA was proportionally corrected to the
for wild-type and cRNA, respectively [22]. A Polaroid difference in length observed with the PCR product amplified from the
wild-type NHE-1 mRNA (corresponding to the 119 bp insert). The log-photograph of the gel was then digitized and quantified
log plot of the ratio of quantitative fluorescence versus initial amountby the same analytic procedure described before for
of cRNA was drawn. Using this graphical representation, a particular
NHE-1. Results are expressed in attomoles of NHE-3 ratio has to be pointed out when corrected fluorescences are equivalent.
As the value of the ratio equals unit (log of the ratio is zero), themRNA per g of total RNA.
measured amount of wild NHE-1 mRNA is equal to the corresponding
value on the horizontal axis (y 	 0.3781x  0.1741; r 	 0.99).Dot-blot analysis
Dot-blot analyses were performed as previously de-
scribed [22]. Serial dilutions from 10 to 1.25 ng of MTAL
total RNA were denatured in 2.2 mol/L formaldehyde, 80C, and labeling was quantified by densitometry
(Fig. 2B, C). Densitometry values were plotted against15  SSC (1  SSC is 0.15 mol/L NaCl and 0.015 mol/L
sodium citrate, pH 7.0) and dot blotted onto Biodyne the amounts loaded from the serial dilution of total
RNA. Linearity of the relationship was controlled, andnylon membranes using a commercial vacuum-driven
dot-blot apparatus (GIBCO BRL, Gaithersburg, MD, equivalence of mRNAs in the two experimental groups
was verified. Results were expressed as mean blot densityUSA) and fixed by ultraviolet cross-linking. Filters were
prehybridized in 4  SSC, 50 mmol/L NaPO4, 1  Den- in each group in arbitrary U/ng total RNA.
hardt’s solution for two hours at 42C, hybridized in the
Preparation of MTAL crude membranes andsame solution containing 1.3  106 cpm of 32P-radio-
detection of NHE-1 and NHE-3 protein abundancelabeled oligodT at 42C overnight, and washed once in
by semiquantitative immunoblotting2  SSC with 0.1% SDS at room temperature for 10
minutes, and twice in the same solution at 37C for 20 Medullary thick ascending limb tubule suspensions
were homogenized in membrane buffer [250 mmol/Lminutes. Filters were exposed to film for one hour at
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sucrose, 20 mmol/L Tris-HEPES, pH 7.4, 5 mmol/L eth-
ylenediaminetetraacetic acid (EDTA), containing (in
g/mL) 50 AEBSF, 4 leupeptin, 4 aprotinin, 1.5 pepstatin
A, and 150 DTT] and centrifuged at 1000  g for 10
minutes at 4C. The supernatants were then centrifuged
at 490,000  g for 20 minutes, and the pellets were resus-
pended in the same buffer. Protein content was assessed
by the method of Lowry. Equal amounts of solubilized
proteins (30 g) of either control or treated crude mem-
brane fractions were separated by SDS-PAGE using
7.5% gels according to the method of Laemmli. Proteins
were transferred to nitrocellulose membrane at 100 V
for one hour at 4C with a mini-Trans blot cell electro-
phoresis unit (Bio-Rad Laboratories, Hercules, CA,
USA). After transfer, equal loading of the lanes was
controlled by staining with 0.5% Ponceau red in acetic
acid. In all cases, to control equality of gel loading care-
fully, a digitized image of Ponceau gel staining was ac-
quired just before washing the membrane, and image
analysis was then performed. The integrated density of
the staining provided a quantitative assessment of gel
loading, which is important in semiquantitative immuno-
blot techniques, as recently reported [15], particularly
in situations with cell hypertrophy such as CMA. Protein
quantification after transfer to immobilization membranes
using Ponceau staining measurement has been previously
validated as an alternative to 
-actin binding [29]. Thus,
it was preferred in our study, as long-term metabolic
treatments may electively modify the expression of the
proteins commonly used to standardize blot deposits.
Immunoblotting for NHE-1 isoform was performed
as follows: nitrocellulose was incubated overnight at 4C
in 5% nonfat dry milk containing PBS 1, pH 7.4, to
block nonspecific binding of antibody, rinsed in PBS 1
followed by two hours of incubation with a 1/300 dilution
of affinity-purified rabbit anti-rat NHE-1 fusion protein
antibody (a generous gift from Dr. Sergio Grinstein)
[30, 31] in PBS 1 with 5% nonfat dry milk. The strips
were then washed three times in PBS 1 and 0.05%
Tween 20 and then once in PBS 1 for 15 minutes each.
Then the strips were incubated with a 1/3000 dilution of
horseradish peroxidase-conjugated goat anti-rabbit im-
NHE-1 mRNA abundance versus MTAL total RNA illustrates an excel-
lent linearity over the total MTAL RNA range tested. (B) Typical dot-
blot analysis of mRNAs in a case of acidosis versus control. Serial
twofold dilutions of MTAL total RNA were submitted to dot-blot anal-
ysis, hybridized with 32P-labeled-oligo-dT as described in the Methods.
After a one-hour exposure at 80C, autoradiograms were digitized,
and band densities were quantified. A representative autoradiogram of
Fig. 2. Quantification of MTAL NHE-1 mRNA (continued). (A) Rela- control (top) and acidosis (bottom) groups is shown. (C ) Dot-blot
tionships between NHE-1 mRNA quantified by competitive RT-PCR densities are plotted against the amount of total RNA loaded per lane,
and total MTAL RNAs in the control group. Separate competitive RT- and data are fitted by linear analysis. Results are expressed in blot
PCR were performed as described in the Methods section, using varying density arbitrary units; no variation of total mRNA was discerned within
amounts of MTAL total RNA ranging from 50 to 350 ng. The plot of the two experimental groups: () acidosis and () control.
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munoglobulin G (IgG) in 10% nonfat dry milk con- weeks of KD, a more severe hypokalemia was observed,
and metabolic alkalosis was present (Table 1).taining PBS 1 for two hours, and then washed four
times with PBS 1 and 0.05% Tween 20 for 10 minutes As shown in Figure 3A, NHE-1 mRNA abundance
was increased 48% at two weeks of KD versus controlseach and once in PBS 1 for 15 minutes. Bound goat
Ig G was detected with ECL chemiluminescence system (8.59  0.29 vs. 5.80  0.21 attomoles/g total RNA,
N	 4, P 0.01). To check the specificity of the increased(Amersham, Arlington Heights, IL, USA) according to
manufacturer’s protocol. Multiple exposures were ana- NHE-1 mRNA in KD, we quantified the amount of
mRNAs present in MTAL total RNAs by dot-blot analy-lyzed to ensure that signals were within the linear range
of the film, and immunoblots were digitized and quanti- sis using radiolabeled oligo dT, as previously described
[22]. Results showed that for a fixed amount of totalfied on NIH-image 1.61.
Immunoblotting for the NHE-3 isoform was per- RNAs, the amount of mRNAs was not affected signifi-
cantly by the two weeks of KD (1743  165 vs. 1907 formed in a similar manner. After blocking with 5%
nonfat milk and 0.05% Tween-20 in phosphate-buffered 165 arbitrary units, experimental vs. controls; N 	 4,
P 	 NS). In contrast, at five weeks of KD, the NHE-1saline (PBS) for one hour, blots were probed in the same
buffer for two hours with a polyclonal anti-rat NHE-3 mRNA abundance returned to control values (6.99 
1.05 vs. 6.61 0.74 attomoles/g total RNA, experimen-antibody directed against amino acids 809–822 of the
C-terminal cytoplasmic domain of rat NHE-3 (antiserum tal vs. controls, respectively; N 	 5, P 	 NS; Fig. 3B).
The total amount of mRNAs in MTAL preparations was1568; a generous gift from Dr. Robert J. Alpern) [32] at
a dilution of 1/2500. Blots were washed in 0.1% Tween- not modified as indicated by dot-blot analysis (1472 
147 vs. 1228  167, arbitrary units, experimental vs. con-20 in PBS 1 once for 15 minutes, and twice for five
minutes, incubated with a 1/3000 dilution of peroxidase- trol, N 	 5, P 	 NS).
The abundance of NHE-1 protein was determined bylabeled goat anti-rabbit IgG in 5% nonfat milk and
0.025% Tween-20 in PBS for one hour, washed as de- semiquantitative immunoblot analysis, using a poly-
clonal affinity-purified antibody raised against a fusionscribed previously in this article, and then visualized by
enhanced chemoluminescence (ECL). NHE-3 protein protein constructed with a cytoplasmic domain of NHE-1
exchanger [30]. The specificity of this anti-NHE-1 anti-abundance was quantified by image analysis as carried
out with the NHE-1 immunoblotting process. body has been previously demonstrated [30]. This anti-
body recognized a 110 kD protein in crude membranes
Statistics isolated from MTAL cells that corresponded to NHE-1
protein, as previously described [6]. As shown in Fig-Results were expressed as mean  SEM. Differences
between means were evaluated using the paired or ure 4, NHE-1 protein abundance was increased after two
weeks of KD (193  25% vs. 100  13%, experimentalunpaired t test as appropriate. Mann-Whitney U tests
also were performed when N was less than 6. P  0.05 vs. controls, respectively; P  0.02, N 	 4). After five
weeks of KD, a similar persistent increase in NHE-1was considered statistically significant. In all cases, both
statistical tests were consistent, and the P values were protein abundance was observed (189  33% vs. 100 
25% experimental vs. control, P  0.05; N 	 4; Fig. 4).similar.
The dissociation between the abundance of NHE-1 pro-
Materials tein and mRNA after five weeks of KD may be due to
the increased translational efficiency and/or increasedCollagenase CH grade II was obtained from Boeh-
ringer Mannheim France (Meylan, France). Guanidium protein stability. A similar dissociation during KD was
observed previously for colonic H-K-ATPase [33].thiocyanate, dNTP, yeast tRNA, phenol, Taq polymer-
ase, RNase inhibitor, MMLV reverse transcriptase and
Effects of CMA on NHE-1 mRNA and proteinrestriction enzymes were obtained from GIBCO BRL.
in MTAL32P-adenosine 5-triphosphate (32P-ATP) and 32P-uridine
triphosphate (32P-UTP) were obtained from Amersham. The same protocol for NH4Cl-induced metabolic aci-
dosis was used as described previously for the study ofAll others chemicals were obtained from Sigma-Chimie
(La Verpille`re, France). NHE-3 mRNA and protein content [22]. As expected,
plasma pH and HCO3 concentrations were similarly re-
duced (Table 1). No variation was observed in the NHE-1
RESULTS
mRNA content in CMA (7.12  1.11 vs 6.71  0.55
Effects of KD on NHE-1 mRNA and protein attomoles/g total RNA, experimental vs. control; N 	
in MTAL 6, P 	 NS; Fig. 5). The results appear to be directly
attributable to the NHE-1 mRNA response to CMA,A two-week potassium depletion was associated with
a reduction of plasma K concentration, but no elevation since no variation was observed in total mRNA content
between the two groups as assayed by dot blot usingof plasma HCO3 concentration was observed. After five
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Fig. 3. Effects of potassium depletion (KD)
on MTAL NHE-1 mRNA. NHE-1 mRNA
was analyzed by a competitive RT-PCR. Re-
sults are expressed in attomoles/g of total
RNA. (A) Two weeks of KD elicited a 48%
increase for NHE-1 mRNA abundance. Each
bar is mean (errors lines are  SEM) out of
four independent experiments. (B) After five
weeks, KD no longer had an effect, as the
level of NHE-1 mRNA in the depleted group
returned to the control group value (N 	 4).
Fig. 4. Effects of two and five weeks of potas-
sium depletion (KD) on MTAL NHE-1 pro-
tein abundance. Immunoblots of membrane
protein (30 g/lane) are from MTAL suspen-
sions from the control (C) and KD groups. (A)
Immunoblots were obtained from two typical
independent experiments in each condition.
Membranes were probed with a polyclonal
anti-NHE-1 antibody (1:300) as described ear-
lier. The molecular weight standard is shown
on the right. (B) Results obtained from four
independent experiments in each condition
are expressed as a function of the mean blot
density value of the control group (normalized
to 100%). A 93 and 89% increase was ob-
served after two and five weeks of KD, respec-
tively.
radiolabeled oligo dT (1069  170 vs. 1062  159 arbi- tein as previously described [22]. As shown in Figure 8A,
trary units, experimental vs. control; N 	 5, P 	 NS). the NHE-3 protein abundance was unchanged after two
Figure 6 shows that CMA did not modify the amount weeks of KD (97  2% vs. 100  4%, experimental vs.
of NHE-1 protein (123  15% vs. 100  16%; N 	 7, control; N 	 4, P 	 NS) and remained unchanged
P 	 NS). (Fig. 8B) after five weeks of KD (99  18% vs. 100 
15%, experimental vs. control, N 	 5, P 	 NS).
Effects of KD on NHE-3 mRNA and protein
in MTAL
DISCUSSIONThe amount of NHE-3 mRNA was unchanged after
The present study was designed to test whether (1)two weeks of KD (23.76  6.33 vs. 24.56  6.14 atto-
the increased NH4 absorption in MTAL in potassiummoles/g total RNA, experimental vs. control; N 	 4,
depletion (KD) and chronic metabolic acidosis (CMA)P 	 NS; Fig. 7A). After five weeks of KD, NHE-3
might be supported, at least in part, by an increasedmRNA abundance was decreased by 50% (12.93  1.08
expression basolateral NHE-1, and (2) the expression ofvs. 25.94  3.02 attomoles/g total RNA, experimental
MTAL NHE-3, which increases in CMA and decreasesvs. control, N 	 5, P  0.01; Fig. 7B). NHE-3 protein
in metabolic alkalosis, might decrease in KD with meta-abundance was determined by semiquantitative immu-
bolic alkalosis. We found that (1) in KD the NHE-1noblot analysis using a polyclonal anti-NHE-3 antibody
protein expression was increased, whereas in CMA the[32], which recognizes an 85 kD protein in crude mem-
branes from MTAL cells corresponding to NHE-3 pro- NHE-1 protein expression remained unchanged; and (2)
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Fig. 5. Effects of NH4Cl administration on MTAL NHE-1 mRNA
abundance. NHE-1 mRNA abundance was determined by competitive Fig. 6. Effects of NH4Cl administration on MTAL NHE-1 protein abun-RT-PCR as described in the Methods section. Results are expressed in dance. Immunoblot of membranes protein (30 g/lane) from MTAL
attomoles/g of total RNA submitted in each point to the reaction. suspensions of control (C) and acidosis (A) groups obtained from three
Each bar is the mean (errors lines are SEM) for six independent typical independent experiments. Each experiment was performed twice
experiments. Metabolic acidosis did not induce any significant variation on separate gels. Seven independent experiments did not elicit any signifi-
of NHE-1 mRNA. cant effect of metabolic acidosis on NHE-1 protein abundance (23%).
in KD, the MTAL NHE-3 protein expression did not area. Indeed, MTAL cell volume determined in our study
decrease despite the presence of metabolic alkalosis. by measuring tubule diameters under light microscopy
In chronic situations, modifications of the expression of remains unchanged (0.43  0.02 vs. 0.45  0.02 nL/mm
renal transporters have been shown to support, at least in tubule length in controls and KD, respectively, N 	
part, adaptations of transporter activities [9, 10]. Addi- 4, P 	 NS) in agreement with previous reports [34].
tional mechanisms, such as post-translational events or traf- Consequently, the question arises whether KD could
ficking that also may contribute to the adaptation of trans- increase MTAL NH4 absorptive capacity by stimulating
porter activities, were not addressed in the present study. other NH4 transport mechanisms present in MTAL. The
role of a putative apical K/H(NH4 ) exchanger, pre-MTAL NHE-1 expression in KD and CMA viously described [35], is very unlikely. Indeed, in the
In KD and CMA, transepithelial absorption of NH4 latter study, a K/H exchange activity has been de-
in Henle’s loop is increased [11, 19]. Previous reports scribed in apical membrane vesicles heavily contami-
suggested that this effect may result, at least in part, nated with basolateral membranes. In addition, we have
from the increase in NH4 concentration of luminal fluid shown in properly purified rat MTAL apical and basolat-
delivered to the loop as a direct result of increased proxi- eral membrane vesicles that a K/H exchange transport
mal tubule NH4 production and secretion [11, 19]. This activity is present only in basolateral membranes [36].
effect may result from an increased MTAL NH4 absorp- NHE-1 plays a specific role in transepithelial NH4 ab-
tive capacity. The most straightforward explanation for sorption in MTAL, since basolateral application of ami-
the increase in MTAL NH4 absorptive capacity is that loride inhibits NH4 absorption in isolated and perfused
it is due to an alteration in NH4 transporter expression MTAL in vitro [4]. In addition, we have previously shown
such as BSC-1, Na,K-ATPase, and NHE-1. in MTAL basolateral membrane vesicles that NHE-1
In KD, the expression and the activity of BSC1 are may function as an Na/NH4 exchanger [5]. Therefore,
decreased [20, 21] and thus cannot support an increased the increased NHE-1 protein abundance in KD may be
MTAL NH4 absorptive capacity. In addition, the KD- responsible for an increased efflux of NH4 across the
induced down-regulation of BSC-1, the major NH4 trans- basolateral membrane of MTAL. The increased transep-
porter in MTAL, may cancel the increased NH4 delivery ithelial absorption of NH4 in MTAL may then be main-
to Henle’s loop in this situation. Moreover, the KD- tained by the high NH4 over K concentration ratio in
induced increase in MTAL NH4 absorptive capacity can- the lumen, which results in a decreased competition of
K with NH4 for the K binding site of apical BSC1 [37].not be attributed to an increase in cell membrane surface
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Fig. 7. Effects of potassium depletion (KD)
on rat MTAL NHE-3 mRNA. NHE-3 mRNA
competitive RT-PCR results are expressed in
attomoles/g of total RNA. Two weeks of KD
had no effect on NHE-3 mRNA (A; N 	 4).
Conversely, at five weeks of KD, a 50% de-
crease in NHE-3 mRNA abundance was ob-
served (B; N 	 5).
Fig. 8. Effects of potassium depletion (KD) on
rat MTAL NHE-3 protein abundance. Mem-
branes were probed with a polyclonal anti-
NHE-3 antibody (1:2500). The molecular
weight standard is shown on the right. Each
experiment was analyzed twice on separate
gels. Conversely to the NHE-1 immunoblot
results, neither two (A) or five weeks (B) of
potassium depletion had an effect on the
amount of NHE-3 protein.
Finally, it is of interest that the selective increase in baso- centration [15, 38]. Hence, in CMA, none of the MTAL
transporters involved in NH4 transepithelial absorptionlateral NHE-1 expression allows an increase in MTAL
NH4 absorption despite a reduced NaCl absorption rate. appears to be specifically and unequivocally up-regu-
lated. It also is conceivable that the small increase inIn CMA, NH4 absorption in rat Henle’s loop approxi-
mately doubles [11, 12]. A previous study showed only MTAL absorptive capacity may be primarily related to
MTAL cell hypertrophy. Indeed, CMA induced 50%a small increase (30%) in the MTAL NH4 absorptive
capacity during CMA [13]. Again, the most likely expla- increase in MTAL cell volume [22], which per se may
explain the 30% increase in NH4 absorptive capacitynation for this effect is an alteration in MTAL NH4
transporter expression. The presence of a dramatic in- observed in isolated and perfused MTAL from chroni-
cally acid-loaded rats [13]. Finally, at variance with KD,crease in BSC1 expression (more than 150%) reported
by one study [14] has not been confirmed by two others the main determinant of the dramatic increase in NH4
absorption in Henle’s loop in CMA is likely the increasein which water and NaCl intake were carefully controlled
[15, 16]. Thus, the effect of CMA on BSC-1 remains con- in NH4 concentration of luminal fluid delivered to the
TAL [11].troversial. Similarly to NHE-1 (present study), the ex-
pression of MTAL Na,K-ATPase, which indirectly Moreover, NHE-1 is commonly involved in housekeep-
ing functions, which are mainly the regulation of intra-may drive NH4 apical entry, is also unchanged in CMA
[15]. In fact, BSC-1 and Na,K-ATPase expressions ap- cellular pH, especially in nonepithelial cells [reviewed
in 10]. In nonepithelial cells, NHE-1 is inactive at rest-pear to be mainly up-regulated by chronic NaCl loading
and chronic increase in arginine vasopressin (AVP) con- ing cell pH and activated by acute intracellular acidi-
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fication that increases the H affinity of the intracellular tion. In addition, the acid-induced MTAL cell hyper-
modifier site [reviewed in 10]. In addition, in these cells trophy possibly accounts for the small increase in NH4
NHE-1 mRNA and transport activity are increased in absorptive capacity. Moreover, MTAL NHE-3 expres-
CMA [39, 40]. In contrast, MTAL NHE-1 is active at rest- sion increases in CMA and decreases in chronic meta-
ing cell pH [41]. More importantly, the results of the bolic alkalosis, implying that NHE-3 is selectively regu-
present study suggest that MTAL NHE-1 regulation is lated by extracellular and/or intracellular pH. In KD, the
not simply dictated by extra- and/or intracellular pH. In- opposite effects of KD, per se, and metabolic alkalosis
deed, MTAL NHE-1 expression increases in KD whe- on intracellular pH may explain why NHE-3 protein
ther or not metabolic alkalosis is present, and it remains expression remains unchanged, in agreement with the
unchanged in CMA. normal HCO3 absorptive capacity of Henle’s loop.
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